We have previously demonstrated the inducibility ofboth cytochrome P-448-and P-450-dependent monooxygenases in the differentiated rat hepatoma cell line MH,C,. Further experiments with these cells on the expression of different forms of cytochrome P-450, inducible not only by phenobarbital (PB) and 3-methylcholanthrene (MC), but also by metyrapone (MP), ethanol (E), and beta-naphthoflavone (BNF) are reported here. The effects of the in sifro addition of the inhibitors alpha-naphthoflavone and beta-naphthoflavone on the aryl hydroxylase activity (AHH) and the influence of protein synthesis on the induction of cytochrome P-450 were also assessed. Cultures were exposed to the inducers PB, MC, BNF, and MP during the last 6 days ofculture and to E for 10 days. The inhibition ofprotein synthesis was obtained by adding cycloheximide (CY) to the cultured cells during the last 24 hr. The exposure of MH,C, cells to various concentrations of MP resulted in a dose-dependent increase in AHH activity. The treatment of MH,C, cells with different concentrations of ethanol produced a significant dose-dependent increase of monooxygenases. AHH activity, induced by the various treatments, was inhibited in a dose-dependent way by alpha-naphthoflavone and beta-naphthoflavone. CY reduced the concentration of cytochrome P-450 and the AHH activity induced by the various treatments, thus indicating an implication of the protein synthesis in the mechanism(s) of induction.
INTRODUCTION
Cultures of mammalian cells represent a system particularly suitable for the assessment of the cytotoxicity and the genotoxicity of foreign chemicals. A wider application of established cell lines as defined experimental models were, until now, limited by their incomplete expression of xenobiotic-metabolizing enzymes, so that the addition of exogenous metabolic activation systems was generally necessary. Since this approach is complicated and poorly reproducible, there is an increasing interest for those continuous hepatoma cell lines that retain the expression of highly differentiated functions, mainly cytochrome P-450-dependent monooxygenases, recently investigated in several laboratories (5, 11, (27) (28) (29) . In these studies, Reuber hepatoma-derived lines were used as the source of the differentiated expression of monooxygenases. In addition, a variety of cytochromes P-450 were found in several cell lines derived from H4IIEC3 hepatoma cells, as recently shown by means of monoclonal antibodies (29) .
The expression of both basal and inducible forms of cytochrome P-450 under defined experimental conditions was previously demonstrated in our laboratory in the MH,C, established cell line (3, 4). These cells display differentiated characteristics of normal hepatocytes (19, 20, 24) and, in particular, possess the major isozymes of cytochrome P-450 induced by phenobarbital (3, 4).
In the present studies we provide further experimental evidence from enzymatic assays, the use of selective inhibitors, and measurement ofthe cellular CO-binding spectra for the expression of multiple forms of cytochrome P-450 in MH,C, cells. Indiicing Treatnteitts. All substances were freshly prepared as stock solutions in the following solvents: sodium phenobarbital (PB) and metyrapone (2-methyl-1,2-di 3-pyridyl-1 -propanone, MP) in the medium (serum free); ethanol (E) in saline; 3-methylcholanthrene (MC) and beta-naphthoflavone (BNF) in dimethylsulfoxide (DMSO). The desired final concentrations were obtained by adding the corresponding aliquots to the complete medium, which was changed every day over the entire treatment period. Cells were exposed to PB, MP, MC, and BNF for 6 days and to E for 10 days. Treatments with 2 p~ cycloheximide (CY) were performed by adding this substance to the incubation media for the last 24 hr of culture. All chemicals were added to the cells at the indicated concentrations after previous cytotoxicity tests. Control cultures were exposed either to the medium alone or to 0.25% (v/v) DMSO.
METHODS

Cell
Preparation of Cells for Assays. Monolayers were
washed twice with cold Hanks' BSS, collected using a trypsin-EDTA solution (0.05-0.02%), sedimented by centrifugation for 10 min at 600 x g, and washed three times. The final pellets were either stored at -80°C or immediately resuspended for cytochrome P-450 determination. Aiialytical Procediires. For cytochrome P-450 spectral determinations cell pellets were immediately resuspended to about 3-1 0 x 1 O7 cells/ml. Total cytochrome P-450 was assayed by the CO-reduced difference spectral method ofOmura and Sato (1 8), as previously described (4). The method of Nebert and Gelboin (16) was used to measure the activity of aryl hydrocarbon hydroxylase (AHH) with benzo(a)pyrene as substrate, on about 0.2-0.4 mg cell protein. To achieve the final concentrations indicated in Table 11 , the inhibitors alpha-naphthoflavone (ANF) and betanaphthoflavone (BNF) were added to the reaction mixture.
Proteiii Deterniinatiott. Cellular protein was determined by the method of Lowry et al (14) using bovine serum albumin as standard.
Statistics. Results are expressed as the mean k
SD. The Student's I-test was used as a test of significance.
Chticals. ANF and BNF were obtained from Aldrich Europe (Beerse, Belgium); CY was from Sigma Chemical Co. (St. Louis, MO, USA). The sources of all other chemicals and tissue culture materials are given in a previous paper (4) .
RESULTS AND DISCUSSION
~~idiictioii of Ary! Hydrocarbait Hydro.xj#ase by
Metyrapoite. We have already demonstrated that the addition of MP to MH,C, cells gives rise to induced form@) of cytochrome P-450 displaying catalytic activities towards both aminopyrine and benzo(a)pyrene (4). Since the second enzyme was more markedly induced than the first one (7-fold vs 2-fold), the aryl hydrocarbon hydroxylase activity was further assayed after the exposure of MH,C, cells to three different concentrations of MP. As shown in Fig. 1 , a good dose-related increase was obtained, with highly significant values for 0.5 phi MP. Therefore, the increase in cytochrome P-450 levels is clearly associated with an enzyme activity that is usually cytochrome P-448-dependent.
Metyrapone is generally used as an inhibitor of enzyme activities associated with phenobarbital-induced forms of cytochrome P-450 (25) . However MP and other inhibitors of monooxygenases have been found to induce different forms of cytochrome P-450 both in viva (1, 2) and in vitro (8, 12, 13,23 ).
On the basis of some enzyme activities, it seems that irt vivo MP is able to induce a PB-form of cytochrome P-450, while iiz vitro a polycyclic hydrocarbon-type induction pattern was observed (1 3,23).
Our results confirm the inducing activity of MP in a differentiated hepatoma cell line, but in our model a stimulatory effect on a cytochrome P-450dependent activity was also demonstrated, as previously reported (4) . Further investigations are needed to elucidate the exact mechanisms of the induction/inhibition activities of MP both in vivo and in vitro.
Ethanol-h$ediated Ittcrease of Cytocl~ronie P-450.
The inducibility oftotal cytochrome P-450 in MH,C, cells was demonstrated by exposure to 50, 100, and 150 PM ethanol during the last ten days of growth (Table I) . No cytotoxicity was observed over the complete treatment period, as evaluated by morphologic examination, cell count, and protein determination. The Soret peak of this form of P-450 is shifted to the right end of the spectrum, and its increase is dose-related. The induction of cytochrome P-450 was not associated with highly significant increases of AHH activity (Table I) . Also, the aminopyrine-N-demethylase activity was unaffected (data not shown). Thus, this form of cytochrome P-450 did not resemble the other induced P-450s found in the MH,C, cell line. It is well known that chronic ethanol exposure increases the hepatic metabolism of many drugs. Recently an ethanol-inducible form of cytochrome P-450, isozyme 3a, was isolated from rabbit liver (10) . This form catalyzes the oxidation of ethanol and displays a different pattern of induction of P-450s than that produced by other common inducers such as phenobarbital, beta-naphthoflavone, and 3-methylcholanthrene (6, 7, 15) . I12 vivo experiments are complicated by the fact that both chronic and acute ethanol intoxication influences food intake and consequently liver microsomal monooxygenases (2 1, 26). Ethanol-mediated induction of cytochrome P-450 was also demonstrated in cultured chick embryo hepatocytes, and this increase was associated with both P-450-and P-448-dependent enzyme activities (22) .
In the MH,C1 cell line, the catalytic properties of the induced P-450 have to be identified. When more information becomes available on these monooxygenases expressed in vitro by cultured liver cells, the ethanol-induced effects can be identified in a system that avoids nutritional changes and other factors affecting in iivo treatments. Eflects of Alpha-Naplitlioflavoiie aiid Beta-Naphthoflavone oii Beirzo(a)pjv-ene Hydroxylation In Vitro; In addition to the already employed inducers MC and MP, BNF was also given for 6 days to the cultured MH,CI cells at the final concentration of 15 PM. This treatment produced a 2-fold increase in a form ofcytochrome P-450 with a maximum peak at 447.5 nm (data not illustrated). The AHH activity associated with this BNF-induced form was significantly (9.8-fold) increased over the corresponding solvent-controls as shown in Table  11 . Since ANF and BNF are well known inhibitors of monooxygenases (25) , their interaction with both basal and induced AHH activities was evaluated and the results are shown in Table 11 . The inhibitory effect displayed by ANF on the basal AHH activity was more marked than that of BNF, with a doserelationship that was lacking with the last drug. All the induced activities were inhibited in the presence of ANF more than in the presence of BNF, and the inhibition was dose-related in both cases.
From these data it is evident that a compound (BNF) may act as an inducer of monooxygenases when administered to cultured cells for several days and as an inhibitor when added "acutely" to the test in vitro, the BNF-induced activity being more actively inhibited by ANF. These phenomena have been described for in vivo-induced forms of cytochrome P-450. In fact, BNF (but not its positional isomer, ANF) is a potent inducer of a cytochrome P-450 isozyme that has high activity for the metabolism of polycyclic aromatic hydrocarbons, and ANF has been shown to be a potent, selective in vitro inhibitor of cytochrome P-448 (25) .
Thus, it seems that MH,C, cells express quite "normal" cytochrome P-448-dependent monooxygenases, but it is reasonable to assume that much more precise phenotyping could be achieved by means of monoclonal antibodies, as already performed in some Reuber hepatoma-derived cell lines
Eflect of Protein Synthesis Iiihibitiort on Cytoclironie P-450 Coiiceritratioit aiid AHH Activity. As already shown in a previous work (4), PB, MC, and MP induce an increase in cytochrome P-450 levels in MH,C, cells, and this effect is associated with significant increases of AHH activity after exposure to MC and MP. Table I11 shows results obtained after the treatment of induced cultures with an inhibitor of protein synthesis. Cycloheximide was added only during the last 24 hr of culture and its final concentration, corresponding to 2 p~, allowed complete viability of the cells. Previous determinations of 14C-valine incorporation into TCA-precipitable material (data not shown) showed in these experimental conditions an inhibition of 60% of de iiovo protein synthesis.
In the experiments presented here, all the induced cytochromes P-450 were decreased by the exposure of MH,C, cells to CY. The decreases were 67.4%, 28.6%, and 32.6% with the PB, MC, and MP-induced forms, respectively. The AHH activity was also decreased and the stronger effect (53.6% inhibition) was observed with the MP-induced enzyme. Taken together, these data suggest a requirement for protein synthesis during the induction of P-450 enzymes in MH,C, cells, which were particularly sensitive to a low concentration of CY when exposed to PB. Since MP may act by increasing the rate of synthesis of aminolevulinic acid synthase, the rate- (29) . limiting enzyme of heme synthesis (9) , this mechanism could explain the high sensitivity to the inhibition of protein synthesis of the MP-induced AHH activity.
To date, the absolute number of P-450 proteins in a biological system at any,given time is not known.
Different mechanisms seem to be implicated in the regulation of the expression of cytochrome P-450 gene families, as recently reviewed by Nebert and Gonzalez (17) . This fact may explain the various degrees of sensitivity to the inhibitor cycloheximide shown by the different P-450-proteins produced in vitro by MH,CI cells exposed to PB, MC, and MP. From all the biochemical parameters evaluated it is therefore evident that a certain degree of bioactivating capacity is retained by the MH,C,' hepatoma cell line. Since xenobiotic-metabolizing enzymes play a central role in both cell toxicity and transformation, the choice of experimental models for toxicological studies is crucial in this respect. Present findings on MH,C, cells provide further evidences for the capacity of certain mammalian established cell lines to metabolize drugs. Therefore, this line may be useful in both the screening of environmentally hazardous chemicals and the study of their mechanisms of action.
